Leaf cells undergo two main developmental events; i.e., cell proliferation and cell differentiation, before maturation. These events occur sequentially at specific positions and with specific timing during leaf development. To understand the transition from cell proliferation to cell differentiation of rice leaves, we analyzed rice leaves from both morphological and molecular viewpoints. The results of anatomical, morphological, and histochemical analyses indicated that P4 leaf primordium is the stage when dynamic transition of the cellular state from immature to mature along the proximal-distal axis of the leaf occurs. We screened for marker genes showing a dynamic expression pattern along the proximal-distal axis of the P4 leaf, and applied them to expression analysis in wild-type and various morphogenetic mutants. The changes in expression pattern of the marker genes varied between developmental stages and between mutants. Our analysis reinforced previous data regarding the developmental transition of wild-type rice leaves and indicated that the transition can be monitored using our molecular markers. The results of this study indicate that expression analysis using these molecular markers would be valuable for understanding the genetic effects on leaf development in various leaf morphogenetic mutants.
Introduction
As the major sites of photosynthesis, leaves are crucial organs of higher plants. Young leaves originate from the flank of shoot apical meristem and undergo various developmental events; i.e., axis determination, cell proliferation, cell elongation, cell differentiation, and tissue differentiation. Various aspects of leaf development have been studied, and the mechanisms of spatiotemporal control of cell proliferation and cell differentiation at key events. The genetic mechanism underlying the transition from cell proliferation to cell differentiation during leaf development has been the subject of intensive study.
The duration and activity of cell proliferation during leaf development are regulated under a complex genetic cascade. The genetic factors operating most downstream of the cascade are cell cycle-related genes. Cyclins and their partners, cyclin-dependent kinases (CDKs), are targets of cell division control [1] [2] . In Arabidopsis, an altered expression level of the cyclin gene, CYCD3, was shown to affect the shape and cell number of leaves by modulating cell proliferation [3] . Overexpression of the CDK inhibitor gene, KRP2, resulted in production of small and serrated leaves, although the temporal patterns of cell division and differentiation were unaffected [4] . Several regulators of cell proliferation and cell differentiation processes have been identified. Members of the TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PCF) gene family, encoding plant-specific transcription factors, act to regulate multiple developmental pathways, particularly cell proliferation in developing organs. Although the mechanism by which TCP genes regulate cell proliferation is largely unknown, some TCP genes were shown to directly regulate cell cycle regulators. TCP20 of Arabidopsis binds to the promoter of CYCB1;1, which controls cell cycle G2/M progression and positively regulates cell proliferation [5] . TCP genes also function as negative regulators or coordinators of cell proliferation during leaf development. In addition to TCP, the cooperative action of GRF (GROWTH-REGULATING FACTOR) genes is important for regulating cell proliferation during leaf development. GRFs encode putative plant-specific transcription factors and function as positive regulators of cell proliferation, and they are largely expressed in tissues with high degrees of cell proliferation [6] . Lossof-function of multiple GRF genes showed reduced leaf size and cell number in Arabidopsis, suggesting that GRFs play redundant roles in modulation of cell proliferation [3] [6] [7] . GRF expression is controlled by the microRNA species, miR396, the accumulation level of which is lower in developing leaves and gradually increases during development, with an inverse distribution to that of GRF expression [6] [7] . Overexpression of miR396 affects cell proliferation by reducing cell number, thus resulting in narrow leaves [7] - [9] . Although TCP and GRF transcription factor genes are thought to be important regulators of leaf proliferation, it has been suggested that many genetic factors affect the pattern of leaf proliferation.
The effects of these genetic factors on leaf development have been validated mainly in the model dicotyledonous plant, Arabidopsis thaliana. However, as the patterns of determination of developmental events differ among plant species, it is necessary to study these processes in species other than Arabidopsis to gain insight into the universal mechanism underlying regulation of leaf developmental in higher plants. The basic pattern of leaf growth is different between monocot and dicot species. In Arabidopsis, although the leaf blade and leaf petiole differentiate along the proximal-distal axis during development, cell proliferation activity for leaf blade expansion is observed along both the proximal-distal and mediolateral axes. Recently, proliferative activity was found in the junction of the leaf blade and leaf petiole in early leaf development, suggesting that proliferative cells in this region establish both leaf blade and leaf petiole in a bidirectional manner [10] . In contrast, the pattern of leaf growth in grass species, such as maize and rice, is mostly linear, and the proliferating cells are mainly located in the leaf base after establishment of the outline of the leaf [11] [12] .
Grass species are suitable for studying control of the transition from cell proliferation to cell differentiation during leaf development, because leaf differentiation proceeds sequentially from the tip to the base, and the process can be observed at specific stages of the leaf primordium along the proximal-distal axis. Several recent analyses focusing on the establishment of photosynthetic function during leaf development have been reported in maize and rice [12] [13] . The results indicated that the sink source boundary of photosynthetic product was established during the young leaf primordium stage, with the sink region located at the basal part and chloroplast differentiation at the apical part of the specific stage of the leaf primordium [12] [13] . Thus, dynamic transition processes, not only in development but also in physiological traits, occur along the leaf axis in young leaves of grasses. It was predicted that thousands of genes are involved in this transition process. In fact, 68% of the annotated genes showed dynamic expression patterns along the proximal-distal axis of younger leaves in maize [11] . However, the genetic mechanism regulating the transition from cell proliferation to cell differentiation during leaf development is still unclear. Rice is a good candidate for genetic studies of leaf development in grass species, because it is expected that genetic regulation of rice leaf development will rapidly progress using genome editing-based reverse genetics. For the first step in the elucidation of the molecular mechanisms governing leaf development in rice, we examined rice leaves during morphogenesis to obtain basic information regarding the developmental transition by morphological, anatomical, and histochemical analyses. Based on the information thus obtained, the optimal stage of leaf primordium for analysis and genetic markers reflecting the developmental transition were selected, and were applied to various morphogenetic mutants. Our results provide basic knowledge regarding the developmental transition, and we also present case studies regarding genetic effects on the transition process.
Materials and Methods

Plant Materials
Two wild-type rice varieties (cv. Nipponbare and Taichung65) and mutant lines, T65lg, pla1-4, dl-5, d18h, T65d1, and d61-2, were grown in a greenhouse around 30˚C/20˚C (day/night). About 15 days after sowing (DAS), leaves of Nipponbare seedlings were sampled to examine the anatomy and morphology. Taichung65 and mutants were used for expression analysis.
Scanning Electron Microscopy
Rice seedlings were dissected and separated into P3 to P6 leaf primordia, and shoot apex containing P1 and P2. They were fixed with PFA solution (4% paraformaldehyde in 0.1 M Na-phosphate buffer, 1% Triton-X) overnight, and then rinsed with 0.1 M Na-phosphate buffer for 1 hour, dehydrated through a graded EtOH series, and then 100% EtOH was replaced with liquidized t-butyl alcohol by incubation at 37˚C overnight. Samples were frozen at -20˚C for 10 minutes, and completely dried using a critical point dryer (model JFD-320; JEOL, Tokyo, Japan). The samples were coated with platinum (Ion sputter E-1030; Hitachi, Tokyo, Japan) and observed by scanning electron microscopy (model S-4000; Hitachi) at 10 keV.
Anatomical Analysis
For plastic sections, leaf blades, leaf sheaths, and leaf collars of P5 and P6 leaf primordia were fixed with PFA solution overnight, rinsed with 0.1 M Na-phosphate buffer for 1 hour, and dehydrated through a graded EtOH series, followed by infiltration with Technovit 7100 (Heraeus Kulzer) for 4 days and embedded. Samples were cut into Section 3 µm thick using a rotary microtome (model HM360; MicroEdge, Tokyo, Japan), stained with 0.5% Toluidine Blue O in 0.1% sodium carbonate buffer, and observed by light microscopy (model AX80; Olympus, Tokyo, Japan). For paraffin sections, the P4 leaf primordium was separated into four parts, which were fixed with PFA solution, and finally embedded in Paraplast Plus (Oxford Labware, St. Louis, MO). All samples were cut into Sections 8 µm thick and stained with hematoxylin, 1% Safranin-O, and 1% Fast-Green, and then examined by light microscopy.
Histochemical Analysis
To observe starch and lignified cell walls, cross-sections of eight segments of P4 leaves were subjected to staining with iodine-potassium-iodide (IKI) solution and by double staining with Safranin-O and Orange-G, respectively. For observation of chloroplasts, autofluorescence of the cross-sections of eight segments were observed by fluorescence microscopy (model BX60; Olympus).
RT-PCR and Real-Time PCR Analysis
Wild-type and mutant samples were frozen in liquid nitrogen, and total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). First-strand cDNA was synthesized using High-Capacity cDNA Reverse Transcription Kits (Invitrogen). Semi-quantitative RT-PCR analysis was performed for appropriate cycles of 25˚C for 10 minutes, 37˚C for 120 minutes, and 85˚C for 5 minutes. For real-time PCR, TaqMan assay was performed using TaqMan ® Fast Universal PCR Master Mix (2×) (Applied Biosystems, Foster City, CA) and FAM-labeled TaqMan probes for each gene (StepOnePlus real-time PCR system; Applied Biosystems). The expression level of each sample was normalized relative to that of an internal control (OsRAD6). The averages of three independent assays are shown. The primers and probes for each gene are listed in Table 1 .
Results
Changes in Surface and Internal Structures during Development
To determine the morphological changes that occur throughout rice leaf development, we separated mature and immature leaves from wild-type seedlings at 15 days after sowing (DAS) to examine the surface and internal structures of rice leaves (Figure 1(A) and Figure 1(B) ). We used a plastochron numbering system to represent different stages of leaves, where P1 represents the youngest primordium, P2 the next youngest, etc. [14] . Wildtype seedlings at 15 DAS contained eight leaves, P1-P8, corresponding to the eighth to first leaves, respectively. The second (P7) to fourth (P5) leaves showed obvious differentiation between the leaf blade and sheath disrupted by a ligule and auricle (Figure 1(B) ). The boundary of leaf blade and sheath on the fifth (P4) leaf was also recognized at the basalmost part of the P4 leaf primordium. To understand the variation of surface structure of leaves, P1-P6 leaf primordia were examined by scanning electron microscopy (SEM) (Figure 2) . SEM images revealed that the surfaces of shoot apex (SA) and P1 and P2 leaf primordia were covered with undifferentiated epidermal cells without any fine structure (Figure 2(A) ). The epidermal structure of P3 leaf primordium was similar to that of P2, but trichome initiation was observed on the epidermal cells at the distal part of the P3 primordium (Figure 2(B) ).
As the P4 leaf primordium showed quite different epidermal structures along the proximal-distal axis, we examined the surface at five different parts of P4 (Figures 2(C)-(G) ). At the distal-most part, fully differentiated trichomes, prickles, epidermal papillae, and stomata cells were found on the surface (Figure 2(C) ). This structure was also observed on the middle part of the leaf blade (Figure 2D) ). In contrast, all of these epidermal characters were absent on the basal part of the leaf blade (Figure 2(E) ) and the sheath (Figure 2(G) ) of P4, including the boundary region of the leaf blade and the sheath (Figure 2(F) ). The epidermal features of P5 and P6 leaves in most parts were similar to those of the distal part of the P4 leaf; i.e., mature differentiated cells with 
papillae and two types of trichome (unicellular and bicellular), and stomata cells were observed on the adaxial ( Examination of surface structures indicated that cellular differentiation of the leaf epidermis started at the tip of P3 and proceeded to the middle part of P4, but did not reach the basal part of P4. Next, we examined the internal structure of P1-P6 leaf primordia on paraffin-and plastic-embedded sections (Figure 3) . Examination of shoot apex cross-sections indicated that P1 and P2 primordia consisted of small cytoplasm-rich cells, and no tissue differentiation was observed (Figure 3(A) ). Most of the cells in P3 were similar to those of P1 and P2, but immature vascular bundles were recognized in the basal and apical parts of P3 (Figure 3(B) ). Cross-sections from the top (Figure 3(F) ) and middle (Figure 3(E) ) regions of the P4 leaf blade showed similar internal structure. Mesophyll cells, phloem cells, xylem cells, bundle sheath cells, and sclerenchymatous fiber cells were differentiated in these regions. Bulliform cells were present on the adaxial side of leaf blade at the middle parts (Figure 3(E) ), although they were not obvious in the top of the P4 leaf blade (Figure 3(F) ). In addition, the cytoplasm of epidermal cells in the top (Figure 3(F) ) and middle (Figure 3(E) ) regions of the P4 leaf blade were not strongly stained by hematoxylin, indicating that the epidermal cells in these regions were vacuolated. The internal structures of the basal part of the leaf blade (Figure 3(D) ) and leaf sheath (Figure 3(C) ) were different from those at the top and middle parts of P4. Most of the epidermal cells and mesophyll cells were rich in cy- (Figure 3(C) ).
Transverse sections of P5 and P6 leaves showed similar anatomical features. Mesophyll cells, all of the components of the vascular bundle, and sclerenchymatous fiber cells were fully differentiated along the leaf axis (Figures 3(G)-(L) ). Bulliform cells were present on the adaxial side of the leaf blade (Figure 3(I) and Figure  3(L) ).
Observation of the surface and internal structure of leaf primordia during development indicated that most of the cells of P1 to P3 leaf primordia were in an undifferentiated state, whereas the cells of P5 and P6 were fully differentiated. These observations indicated that P1 to P3 leaf primordia are in the immature phase and P5 and P6 are in the mature phase of leaf development. However, differentiated and undifferentiated cellular characters were observed in the top part and basal part of the P4 leaf, respectively, indicating that a marked developmental transition would occur around the middle part of the P4 leaf, and cellular differentiation proceeded in a basipetal direction.
Changes in Cellular Components along the Proximal-distal axis of the P4 Leaf Primordium
Morphological analysis indicated that the P4 leaf primordium contains a transition region where transformation of immature cellular characters into the mature state occurs. To obtain further evidence of the transition, we examined the cellular components of the P4 leaf, chloroplast and starch accumulation, and lignin deposition of the cell wall of the P4 leaf by histochemical analysis.
Chloroplast
The color of the dissected P4 leaf at the apical part was green, whereas the basal part was whitish in color (Figure 1(B) ), indicating differences in chloroplast differentiation and accumulation of chlorophyll between apical and basal parts of the leaf. To clarify the pattern of chloroplast differentiation along the proximal-distal axis of the P4 leaf primordium, we examined chlorophyll accumulation in the apical, sub-apical, sub-basal, and basal parts of the P4 leaf blade by fluorescence microscopy. Chloroplast autofluorescence was obvious in the mesophyll cells of the apical and sub-apical parts of the P4 leaf (Figure 4 (A) and Figure 4(B) ). However, chloroplasts were not discernible in the sub-basal part (Figure 4(C) ) and undetectable in the basal part of the P4 leaf (Figure 4(D) ).
Starch
Starch is a major product of photosynthesis in higher plants. Although starch mostly accumulates in the endosperm during seed maturation in rice, it shows temporary accumulation in the leaves [15] . To determine the pattern of starch accumulation in the P4 leaf primordium, four parts of the P4 leaf primordium were stained with iodine-potassium iodide solution. Numerous starch granules were detected in the mesophyll cells in the basal part of the P4 leaf blade (Figure 4(H) ), but fewer starch granules were observed in the apical and sub-basal parts (Figures 4(E)-(G) ). The mature leaf sheath function as a sink of photosynthetic product, and starch is synthesized from carbohydrates derived from other photosynthetic tissues in the leaf sheath [12] . Therefore, our results indicate that the regional distribution of sink and source of photosynthetic product was established in P4, and the sink part is independent of differentiation of the leaf blade and sheath in P4.
Lignified Cell Walls
Lignin is a phenolic polymer that provides rigidity to cell walls by crosslinking with polysaccharides. Lignin is mainly deposited in supporting and conducting tissues, such as the sclerenchyma and vascular tissues in mature tissue [16] - [19] . The results of P4 leaf primordium morphological analysis indicated that the apical part of P4 exhibited mature cellular characters, while the basal part showed immature characters. To determine whether cell wall composition is also different between apical and basal parts, we investigated the pattern of the lignified cell walls. Red staining revealed accumulation of lignin in the epidermal cells, sclerenchyma, and xylem tissues in the apical and sub-apical parts of P4 leaves (Figure 4(I) and Figure 4(J) ). However, staining in the epidermal cells was not obvious in the sub-basal and basal parts of P4 leaves (Figure 4(K) and Figure 4(L) ). These results suggest that not only the accumulation of cellular components but also the deposition of secondary cell wall was differentially regulated in P4 leaves along the apical-basal axis. 
Screening of Marker Genes Showing Dynamic Expression Pattern in P4 Leaf Primordium along the Proximal-Distal Axis
To obtain a further understanding of the developmental transition and gradient along the leaf axis of P4 leaf primordia at the molecular level, we first searched for marker genes reflecting the transition and gradient. For screening, we divided P4 leaves into four parts along the longitudinal axis; i.e., the apical leaf blade, the middle leaf blade, the basal leaf blade, and the leaf sheath ( Figure 5(A) ). RNA extracted from each part of P4 leaves was subjected to RT-PCR analysis. We first examined the expression patterns of two genes related to physiological events in the leaves; i.e., OsCDKB2 that encodes a B-type cyclin-dependent kinase with a role in cell cycle progression [1] [2] and OsRBCS2 encoding one of the small subunits of RubisCO (ribulose 1, 5-bisphosphate carboxylase/oxygenase) that accumulates in photosynthetic tissue [20] - [22] . Higher levels of OsCDKB2 and OsRBCS2 expression would represent activation of cell division and photosynthesis, respectively. OsCDKB2 expression was higher in the basal leaf blade and leaf sheath, but was absent in the apical and middle leaf blade regions (Figure 5(B) ). The expression level of OsRBCS2 was highest in the apical and middle leaf blade and lower in the basal leaf blade and leaf sheath (Figure 5(B) ). The expression patterns of the two genes could account for the physiological changes predicted by our morphological and histochemical analyses.
Next, we examined the expression patterns of TCP and GRF genes as potential marker genes for developmental changes in the leaf, because some TCP and GRF genes are known to be involved in leaf development in rice and Arabidopsis. Among the 26 OsTCP genes [23] and 12 OsGRF genes [24] identified in the rice genome, we chose OsTCP1, OsTCP12, and OsGRF10 for RT-PCR analysis. Both of OsTCP1 and OsGRF10 were highly expressed in the basal leaf blade and leaf sheath (Figure 5(B) ). OsTCP12 showed an intermediate expression level around the middle and basal leaf blade, including the leaf sheath (Figure 5(B) ). In addition to TCP and GRF genes, one of the miR396 genes, pri-miR396c, was used. Pri-miR396c was strongly expressed in the basal and apical leaf blade as well as in the leaf sheath (Figure 5(B) ). These six genes showing differential expression along the proximal-distal axis of the P4 leaf were used in further experiments.
Expression Changes of Six Marker Genes in Wild-Type P4 Leaf Primordium
To determine the expression dynamics of six marker genes more accurately along the longitudinal axis of P4 leaves, we examined the expression patterns of these genes by real-time PCR in eight parts from the top (P4-1) to the bottom (P4-8) (Figure 6(A) ). In addition, we also examined the expression of these genes in three different stages; i.e., the early, middle, and late stages of P4. First, to confirm the stages of these P4 leaves, the shoot apex of the dissected sample was examined in paraffin sections (Figures 6(B)-(D) ). The shoot apex of the early P4 stage showed that P1 leaf primordium had just emerged from the lateral region of the shoot apical meristem (Figure 6(B) ). With progression of development, enlarged P1 leaf primordium was observed on the shoot apex (Figure 6 (C) and Figure 6(D) ). Thus, the three samples of P4 leaf primordia used in this analysis reflect the developmental progression of P1 and possibly other leaf primordia.
Overall, the expression patterns of OsCDKB2, OsGRF10, and OsTCP1 showed similar trends. The expression levels of these genes from P4-1 to P4-5 in three developmental stages were low (Figures 6(E)-(G) ). Particularly, the expression pattern of OsGRF10 was almost identical to that of OsCDKB2, indicating that OsGRF10 is closely associated with cell division in the regions of the leaf positive for its expression. The expression pattern of OsTCP1 differed slightly from those of OsCDKB2 and OsGRF10, in that OsTCP1 was still expressed around the middle part of the P4 leaf (P4-6) (Figure 6(F) ), while both OsCDKB2 and OsGRF10 were completely downregulated in this region (Figure 6(E) and Figure 6(G) ). The expression pattern of OsTCP12 was unique. Two peaks of expression were observed at the basal and middle parts of the P4 leaf in all developmental stages (Figure 6(H) ). One peak was observed around the middle part of P4, and the peak shifted toward the basal parts as development progressed. Another peak was seen at the basalmost part in the three stages. Pri-miR396c was expressed in the basal part of the P4 leaf (Figure 6(I) ), but its expression pattern was also different from those of OsCDKB2 and OsGRF10. The expression pattern of pri-miR396c was characterized by the highest level of expression not in the basalmost region but in P4-7 (Figure 6(I) ), although the expression pattern at the late stage was similar to that of OsTCP1. The expression pattern of OsRBCS2 was completely different from those of the other genes examined (Figure 6(J) ). The expression level of OsRBCS2 was highest at the apical part of P4 at the early stage of development, while the peak was not obvious in the middle and late stages (Figure 6(J) ). OsRBCS2 expression was not detected at the basal part of the P4 leaf at any stage of leaf development.
Real-time PCR experiments showed that the expression peaks of all marker genes shifted toward the basal part of the P4 leaf, indicating that these genes are influenced by developmental and/or physiological events that proceed in the basipetal direction. As leaf maturation is known to advance in a basipetal manner, these six marker genes would be suitable to monitor developmental transition along the apical-basal axis of P4 leaves.
Gene Expression Analysis in Various Morphogenetic Mutants
Many genes affecting leaf morphogenesis have been identified in rice. In most cases, although the morphological differences between mature wild-type and mutant leaves is obvious, the changes occurring during leaf development leading to the final morphology of the mutant have not been clarified. To understand the relationship between mutant phenotype and the process of leaf development, we performed expression analysis of five genes-OsCDKB2, OsGRF10, OsTCP1, OsTCP12, and pri-miR396c-in the P4 leaf primordium of six known mutants showing defects in leaf morphogenesis. Expression analysis of OsRBCS2 was not performed in this analysis, because the expression level of OsRBCS2 was too different from the other five genes to compare expression levels, and the shift in expression level among the three stages was not consistent with developmental stages of the P4 leaf.
Liguleless (lg)
The liguleless mutant completely lacks ligules and lamina joints (Figure 7(A) ). The causal gene encodes an SBP (SQUAMOSA promoter Binding Protein) domain-containing protein and is specifically expressed in the ligule, lamina joint, and the base of the leaf sheath of the leaf [25] . Based on the stage of P1 in the shoot apex of the lg mutant, the stage of P4 sampled here was predicted to be the middle stage (Figure 7(G) ). The expression patterns of the five marker genes in the lg mutant (Figure 7(P) ) were almost identical to those of wild-type controls in the middle stage (Figure 7(N) ). These observations indicated that the LG gene is not involved in the process of leaf development other than in ligule and lamina joint differentiation along the apical-basal direction.
Drooping Leaf (dl)
The midrib is a structure that is formed along the midvein of the leaf blade to maintain an upright angle of the leaf. The dl mutants show a defect of midrib formation that causes a drooping leaf phenotype (Figure 7(B) ). DL encodes a member of the YABBY family of transcriptional regulators, which functions in cell proliferation in the central domain of the leaf [26] [27] . Based on the stage of P1 in the shoot apex of the dl mutant, the stage of P4 sampled here was predicted as the middle stage (Figure 7(H) ). The expression patterns of OsCDKB2, OsGRF10, OsTCP1, and pri-miR396c in dl mutants were similar to those of the wild-type controls in the middle stage (Figure 7(N) and Figure 7(Q) ). However, the expression level of OsTCP12 was elevated in the middle part of the leaf. The position of the expression peak of OsTCP12 relative to the leaf axis was unaffected.
dwarf61 (d61)
The d61 mutant showed a dwarf phenotype caused by inhibited elongation of the culm, and also showed reduced leaf bending at the lamina joint and shorter leaf sheath (Figure 7(C) ). The d61 mutant has a mutation in the OsBRI1 gene, which encodes a brassinosteroid (BR) receptor kinase [28] . Based on the stage of P1 in the shoot apex of the d61 mutant, the stage of P4 sampled here was predicted to be the middle stage (Figure 7(I) ). The expression patterns of OsCDKB2, OsGRF10, OsTCP1, and pri-miR396c in the d61 mutant were similar to those in wild-type controls in the middle stage, although the level of the OsTCP12 expression was elevated in the apical and middle parts of the leaf (Figure 7(N) and Figure 7(R) ).
dwarf1 (d1)
The d1 mutant has a mutation in the gene encoding the α-subunit of the heterotrimeric G protein, which affects plant height and seed size [29] . The leaf length of the d1 mutant is shortened compared with the wild-type (Figure 7(D) ). Based on the stage of P1 in the shoot apex, the stage of P4 in d1 sampled here was predicted to be the early stage (Figure 7(J) ). Despite this early stage, the expression patterns of OsCDKB2, OsGRF10, and OsTCP1 were similar to those of wild-type controls in the middle stage (Figure 7(N) and Figure 7(S) ). In addition, the expression patterns of pri-miR396c and OsTCP12 were very different from those of the wild-type. The expression peak of OsTCP12 was detected at P4-4 (Figure 7(S) ), in contrast to the peak seen at the early stage in wild-type (Figure 7(M) ), although expression levels in the basal part were higher than those in the wild-type controls. The expression pattern of pri-miR396c was similar to that in the late stage of wild-type controls (Figure 7(O) ). Thus, the expression patterns of multiple genes in the P4 leaves of d1 were markedly disturbed.
dwarf18 (d18)
The d18 mutant shows a dwarf phenotype that is caused by a defect in the gibberellin (GA) biosynthetic gene OsGA3ox2 [30] (Figure 7(E) ). As leaf elongation of d18 is severely affected, we sampled four rather than eight parts of the d18 P4 leaf. Based on the stage of P1 in the shoot apex, the stage of P4 in d18 was predicted to be the early stage (Figure 7(K) ). Although, it is difficult to compare gene expression patterns between four parts of d18 and eight parts of wild-type controls, the changes in expression of OsCDKB2, OsGRF10, OsTCP1, and pri-miR396c along the leaf axis were similar (Figure 7(T) ). This pattern suggested that the P4 leaf of d18 showed a similar expression profile to the wild-type, despite the markedly reduced length of P4 in the mutant (Figure 7(N) ).
Plastochron1 (pla1)
The characteristic phenotype of the pla1 mutant is rapid production of short leaves (Figure 7(F) ). PLA1 encodes a member of the cytochrome P450 family, CYP78A11, the substrate of which is unknown [31] . It was suggested previously that the shortened pla1 leaf is due to precocious maturation of leaf primordia [32] . Based on the stage of P1 in the shoot apex, the stage of P4 leaf primordium of pla1 was predicted to be the middle stage (Figure  7(L) ). However, expression patterns of OsCDKB2, OsGRF10, and OsTCP1 were similar to the late stage of the wild-type control (Figure 7(O) and Figure 7(U) ). The expression of pri-miR396c showed an intermediate pattern between middle and late stages, whereas the expression peak of OsTCP12 was the same as that of wild-type controls in the middle stage (Figure 7(N), Figure 7 (O) and Figure 7(U) ). Thus, pla1 affects the relative positions of the marker gene expression peaks.
The results indicated that marker gene expression patterns were affected in dl, d61, d1, and pla1 mutants, but not in the lg mutant. Although we could not determine conclusively whether marker gene expression was altered in d18, the trend of the expression profile was globally conserved compared to that of the wild-type controls. In addition, the results indicated that alteration of marker gene expression patterns differed among the mutants, and the sensitivity of pri-miR396c and OsTCP12 expression changes was high, while that of OsCDKB2, OsGRF10, and OsTCP1 was low. Accordingly, our expression analysis using five marker genes would be useful to characterize developmental features of mutants and to understand the genetic and physiological alterations that could not be determined from the morphological phenotype.
Discussion
Developmental Transition during Leaf Development in Rice
Leaf differentiation proceeds sequentially in a basipetal manner in grass leaves. However, the timing and relative position of the transition from cell proliferation to cell differentiation is variable among species. Therefore, we examined various characters of the leaves at all stages during development in rice. Our morphological and histochemical analyses indicated that most parts of the P1 to P3 leaf primordium had immature characters, while P5 and P6 leaves were mature. On the other hand, our results indicated that the dynamic transitions of various aspects of developmental and physiological traits occur at the basal part of the P4 leaf blade. The traits included the epidermal structure (papillae, trichomes, and guard cells) (Figure 2) , internal structure (cell type differentiation, cell components of the vascular bundle, and density of cytoplasm) (Figure 3) , and cellular components (chloroplasts, starch, and lignified cell walls) (Figure 4) . Although the transitions of all traits do not occur simultaneously, our analyses indicated that most of the transitions occur in the restricted part of the P4 leaf along the proximal-distal axis. In addition, the transition was shown to be determined independently of leaf blade and leaf sheath differentiation. Therefore, our analysis suggested that the P4 leaf primordium is the optimal stage of leaf development to uncover the genetic mechanism underlying developmental and physiological transitions during leaf development.
Expression Patterns of Marker Genes and Their Possible Functions in Leaf Development
We selected marker genes based on their expression changes along the apical-basal axis of the P4 leaf. Unfortunately, with the exception of OsCDKB2 and OsRBCS2, the biological functions of most of these marker genes have not been elucidated. OsCDKB2 encodes a B-type cyclin-dependent kinase that is required for the transition from G 2 to M (mitosis) phases of the cell cycle [1] [2]. Thus, tissues expressing OsCDKB2 reflect sites of active cell division. Real-time PCR experiments using wild-type P4 leaves at three stages indicated an expression peak of OsCDKB2 in the basalmost part of P4. This was consistent with the observation that the cell division zone was located at the base and the cell maturation progress in a basipetal manner in grass species. OsRBCS2 is a member of the RubisCO small subunit multigene family in rice. It has been reported that OsRBCS2 to OsRBCS5 are highly expressed in the rice leaf blade, and there is a positive correlation between the expression level of RBCS and maximal RubisCO contents [20] - [22] . Thus, the sites of OsRBCS2 expression are considered to be regions of active photosynthesis. Although the expression peak of OsRBCS2 shifted from the apical to the basal part with progression of leaf development, the peak of expression was observed in the early stage with the lowest level in the middle stage (Figure 6(J) ). This was not consistent with the prediction that photosynthetic activity would change sequentially among the three stages. Although we could not determine why the expression level did not change gradually among the stages, it is possible that the OsRBCS2 expression level is sensitive to environmental cues that we could not predict.
The TCP transcription factor genes are known to be involved in multiple developmental pathways, and some have been shown to play key roles in the coordination of cell proliferation and cell differentiation in leaves [3] . TCP proteins are generally classified into two main classes based on differences in their conserved domains; i.e., class I and class II. Class I TCP proteins have been suggested to promote plant growth and cell proliferation, while class II proteins act as repressors of cell proliferation. OsTCP1 (also has known PCF5) belongs to class II and is involved in lateral organ development [33] . Although its exact function has not been elucidated, OsTCP1 may act as a negative regulator of cell proliferation during leaf development. The expression pattern of OsTCP1 is very similar to that of OsCDKB2, but a low level of expression remained in regions where OsCDKB2 expression was completely down-regulated (e.g., P4-6) (Figure 6(F) and Figure 6(E), respectively) . Thus, it is possible that OsTCP1 functions in spatial coordination of cell proliferation by suppressing cell division in the basal part of the leaf. OsTCP12 belongs to the class I TCP genes that support the cell proliferation process in plant growth, although context-dependent effects of some class I TCP genes were reported in Arabidopsis. It has been reported that OsTCP12 (or OsTCP19) is expressed not only in leaves but also in endosperm, roots, and the early panicle [23] , and our expression analysis suggested that it was expressed in the P4 leaf primordium with two peaks along the leaf axis-the first peak was seen in the middle part of P4 with the other in the basalmost part (Figure 6(H) ). Phylogenetic analysis suggested that the closest homologs of OsTCP12 are TCP14/TCP15 in Arabidopsis [34] . Although developing leaves of tcp14/tcp15 double mutants do not show an obvious phenotype, quantitative imaging analysis and SRDX fusion experiments indicated that TCP14/TCP15 modulate leaf shape by repressing cell proliferation. Interestingly, TCP14 is expressed in young trichomes of developing leaves and plants expressing SRDX-fused TCP14 showed highly branched trichomes, indicating that TCP14 also regulates trichome development [35] . Although it is unclear whether the function of OsTCP12 in rice is similar to that of TCP14 in Arabidopsis, and whether the OsTCP12 is expressed in trichomes, it is possible that the first peak (middle part of P4) of OsTCP12 was involved in epidermal differentiation of leaves. In support of this suggestion, our morphological analysis indicated that the position of the second peak of OsTCP12 expression was close to the boundary of tissue with/without epidermal structures, such as trichomes and papillae. However, expression analysis using various mutants suggested another possible function of OsTCP12, as discussed below.
GRF genes have been shown to play crucial roles in growth and development of leaves by regulating cell proliferation in a redundant manner in Arabidopsis [3] . Twelve GRF genes were identified in the rice genome, most of which were preferentially expressed in young and growing tissues [24] . Although there is no direct evidence that rice GRFs promote cell proliferation in leaves, a double mutant of OsGRF6 and OsGRF10 showed a semidwarf phenotype [36] . Thus, OsGRF10 may positively regulate leaf growth by controlling cell proliferation. In fact, our expression analysis indicated that the pattern of expression change of OsGRF10 was almost identical to that of the cell division marker, OsCDKB2 (Figure 6(E) and Figure 6(G) ).
It has been reported that miR396 regulates the expression of their target genes, GRFs, in both Arabidopsis and rice [37] [38] . OsmiR396c is one of multiple OsmiR396 loci in rice, and 11 of the 12 OsGRFs in the rice genome have a miR396 target site [24] . It has been shown that overexpression of OsmiR396d caused a similar effect to the knockdown of OsGRF6 and OsGRF10, and downregulation of the expression of most GRFs [36] . Thus, it is likely that miR396 negatively regulates GRF expression during leaf development. The expression level of OsmiR396c was highest in P4-7, not in the basalmost part of the P4 (P4-7), in the early and middle stages in wild-type controls (Figure 6(I) ). Based on the OsCDKB2 expression pattern, P4-7 was predicted to be a transition region where active cell division is inactive. Thus, the expression pattern of OsmiR396c suggested that OsmiR396 acts to maintain the transition region by suppressing OsGRFs, although the accumulation pattern of mature miR396 along the P4 leaf axis should be determined in future studies.
Changes in Expression of Marker Genes in Various Morphogenetic Mutants
We performed expression analysis using marker genes to examine leaf development of several known mutants.
Our results showed that expression of at least one of these marker genes was affected in most of the mutants, indicating that the set of marker genes used in this study can detect genetic and developmental alterations in most of the mutants. Only the lg mutant did not show any changes in gene expression pattern. To our knowledge, lg shows no abnormalities other than in ligule, auricle, and lamina joint formation during leaf development, although LG1 expression in the leaf sheath was reported [25] . Therefore, our results were consistent with previous knowledge about lg and suggested that LG does not affect leaf growth pattern during development.
The expression peaks of all marker genes examined were unaffected in the dl mutant (Figure 7(Q) ). This suggests that dl mutation does not influence leaf development along the apical-basal axis. However, the expression level of OsTCP12 was elevated at the middle part of P4. The expression of DL in the P4 leaf were specifically detected in the central region abaxial to the central vascular bundle, and DL is known to be responsible for thickening of the tissue by promoting cell proliferation during leaf development [26] [27] . This suggests that the elevated OsTCP12 expression in dl is related to the altered cell proliferation pattern in the leaf primordia that was not represented by OsCDKB2 expression. Thus, it is possible that OsTCP12 modulates leaf shape by repressing cell proliferation in the middle part of P4 independent of the major cell proliferation process in the basalmost part of P4.
In the case of d61, the expression patterns of all marker genes were also similar to those in the wild-type, but expression levels were increased in the apical and middle parts of P4 (Figure 7(R) ). As d61 is a loss-of-function mutant of the brassinosteroid receptor OsBRI1 [28] , our results suggest that impaired brassinosteroid signaling does not disturb leaf development along the apical-basal axis. However, OsTCP12 expression was elevated in the middle part of P4. Although BR is known to regulate mainly cell elongation rather than cell proliferation in rice leaves, some reports suggested that BR also regulates cell proliferation in Arabidopsis [39] . In addition, BR-deficient mutants showed a strong phenotype with severely malformed leaf blades. Thus, elevated OsTCP12 expression could be related to changes in cell proliferation pattern in the d61 leaf blade, although the degree of morphological alteration would be subtle in the d61 allele used in this study.
In contrast to d61, the expression patterns of marker genes in d1 were very different from those in the wildtype controls (Figure 7(S) ). The expression patterns of OsCDKB2 and OsGRF10 in d1 were similar to those in the middle stage of wild-type (Figure 7(N) ), and that of OsmiR396c in d1 was similar to the pattern seen in the late stage in wild-type controls (Figure 7(O) ). In addition, the second expression peak of OsTCP12 was seen in P4-4 in the d1 mutant, but in the early stage in wild-type controls (Figure 7(M) ). This suggests that the relative positions of expression peaks among the marker genes were shifted in d1 leaf primordia. Although it is difficult to predict the types of changes occurring in the d1 leaf primordia, our expression analysis indicated that the coordinated cell proliferation pattern would be impaired. In fact, D1 was shown to regulate cell proliferation by affecting multiple signaling pathways, such as GA and BR [29] [40] . Thus, the alteration of expression pattern observed in d1 would be a result of integrated defects in multiple pathways.
Although the resolution of expression change along the proximal-basal axis was low, the expression patterns of marker genes in d18 were considered to be similar to those in the wild-type (Figure 7(T) ). The d18h mutant used in this study has a null allele of the GA biosynthetic gene, OsGA3ox2, and is predicted to contain a reduced level of bioactive GA [30] . As GA promotes cell elongation and cell proliferation, the similar expression profile may contradict the effect of GA on leaf development. However, P4 in d18 was about five-to six-fold shorter than that in wild-type controls. Considering the change in d18 expression according to the absolute scale of leaf length, the region in which active cell division occurs is more restricted in the basal region compared to the wild-type P4. Accordingly, GA may regulate the range of the region of cell proliferation in the developing leaf.
The expression patterns of marker genes in the pla1 P4 leaf at the middle stage were similar to those in wild-type controls at the late stage (Figure 7 (U) and Figure 7(O), respectively) . This indicated that the leaf stage based on the expression profile of marker genes was advanced compared to the actual developmental stage in pla1. This result was consistent with previous reports that pla1 showed precocious leaf maturation. However, the expression peak of OsTCP12 in pla1 was still similar to that in the middle stage of wild-type controls (Figure 7 (U) and Figure 7(N), respectively) . Accordingly, pla1 mutation affected the relative timing of expression peaks of some genes rather than affecting the entire process of leaf maturation.
Conclusion
We characterized the developmental progression of wild-type leaves. Our results revealed the dynamic transition of developmental events, in particular, from cell proliferation to cell differentiation in the P4 leaf primordium. We developed several molecular markers showing dynamic expression from tip to base of P4, and applied them to various morphogenetic mutants. The changes in expression patterns of marker genes varied among the mutants, indicating that our marker genes are useful for detecting genetic effects on the transition process from cell proliferation to cell differentiation during leaf development. Our strategy would also be useful for characterizing leaf development of other mutants by comparison with wild-type controls and related mutants as references.
